ZnO/In/ZnO tri-layer thin films were designed and fabricated by RF sputtering on copolymer substrate. Under an electrical current, the thermoelectric effect of direct current (DC) reduced the electrical resistance and improved the crystallization and Raman properties. Also, indium atoms had migrated into the ZnO matrix and a diffusion layer in the ZnO/In interface had grown. The electrical current induced temperature is $140
Introduction
Transparent conductive oxide (TCO) thin film has received extensive attention due to its potential applications in various opto-electronic devices. [1] [2] [3] [4] [5] Indium tin oxide (ITO) is the usual candidate for TCO film due to its particular optical and electrical characteristics. 6) However, sources of ITO material will be rare and expensive in the future. Also, various ZnO-based thin films have been widely investigated because of their easy preparation and good optoelectronic properties. [7] [8] [9] To achieve higher conductivity and transmittance, many studies have combined a metal layer with semiconductor layers to form tri-layer TCO thin films, such as IZO/Al/GZO, 10) AZO/Cu/AZO, 11) ZnO/ Ag/ZnO 12) and ZnO/Cu/ZnO 13) tri-layer films. Notably, most studies have used metal as the interlayer to improve the electrical properties after an annealing treatment at 400$600 C for 1$2 h. But, this temperature cannot be applied to a copolymer substrate and the mirror metal interlayer results in a decrement in optical transmittance. The main reason for this is that the melting point of copolymer (flexible) substrate is $200 C, so the films on copolymer substrate do not lend themselves to conventional annealing treatment. As of now, the thermoelectric effects (including the joule heating and the electro-migration) of TCO film and other relevant properties have still not been examined.
For these reasons, ZnO(200 nm)/In(30 nm)/ZnO(200 nm) tri-layer film was used in this study to investigate the structure characteristics and the crystallization. Electrical current testing is a low temperature process carried out in atmosphere. Its mechanism has been largely ignored until now. Comparing with the glass or quartz, the copolymer substrate is cheaper, lighter and flexible. The ZnO/In/ZnO film on copolymer (flexible) substrate was subjected to an electrical current test, not only to understand the thermoelectric contribution of atoms, but also to clarify the interface mechanism of the In interlayer.
Experimental Procedure
The ZnO(200 nm)/In(30 nm)/ZnO(200 nm) films were deposited onto the substrate using the sputtering technique with an In target and a ZnO target (ULVAC, Model ACS-4000-C3). The initial pressure of the deposition chamber was 2:3 Â 10 À5 Pa and the depositing pressure was kept at 1:9 Â 10 À1 Pa (sputtering gas was argon). The RF power supplied to the ZnO target was fixed at 80 W while the DC powder supplied to the In target was fixed at 40 W.
To understand the interface characteristics between the In film and the ZnO film, we used the electrical current method (a probe: DC 40 V-0.025 A) to imbue the indium layer with Joule heat thus causing electro-migration. The interface mechanisms were examined using high-resolution transmission electron microscopy (FE-TEM) and energydispersive X-rays (EDX). Also, the diffusion behavior at the interface zones was examined using electron spectroscopy for chemical analysis (ESCA). The electrical resistivity of the films was measured using the Hall effect measurement at room temperature with indium ohmic contacts. 14, 15) Testing process of Hall effect, the voltage and the current were constant. Therefore, the electrical resistivity and Hall coefficient could be measured. The Raman spectra were taken at the 633 nm line of a He-Ne laser. In addition, traditional annealing was performed at 600 C for 1 h in 6:9 Â 10 À1 torr using a pure O 2 oxidizing furnace. Figure 1 (a) shows a bright filed image of the as-deposited ZnO/In/ZnO tri-layer film. In both the upper ZnO layer and bottom ZnO layer, the ZnO films had a pillar-like crystalline structure and grew with a (002) orientation. In fact, the ZnO layer had already crystallized during the as-deposited state but its degree of crystallized was low (as amorphous). Notably, diffusion behavior was apparent in the interface zone between the ZnO and the indium layer. To understand the concentration of indium ions, points 1 (upper ZnO layer) to 5 (bottom ZnO layer) were examined by EDX as shown in Fig. 1(b) . The upper ZnO layer (point 1) and bottom ZnO layer (point 5) contained a higher zinc concentration and traces of indium. When the examined zone approached the interlayer (points 2 and 4), both interface structures contained mainly zinc and indium (concentration value was similar). At point 3 (the center of the In interlayer), indium was the main element, however traces of zinc were contained in this layer. The figure proves that the film not only had identical chemical compositions, but also underwent some diffusion at the interface zones. Notably, this as-deposited film was partly amorphous and so needed energy to crystallize the ZnO matrix and then enhance the electrical properties.
Results and Discussion

Structural characteristics
In general, as-deposited ZnO films are annealed (400$ 600 C for 1 h) to improve the optical, electrical and crystalline characteristics. 16, 17) So, the present as-deposited tri-layer film had no electrical properties. To achieve crystallization of the ZnO/In/ZnO tri-layer film on the copolymer substrate, an electrical current was applied (a probe: DC 40 V-0.025 A) for 30 min at room temperature. Throughout the duration, the induced temperature was
$140
C (measured at the upper ZnO surface) and the copolymer substrate suffered no damage. After this, the ZnO/In/ZnO tri-layer film possessed electrical properties. A comparison of resistivity between the as-deposited, electrical current and traditional heat treatments is shown in Fig. 2 . This figure also indicates that the electrical current mechanism is not only induced by the thermal effect. So, it is safe to say that the electrical current method increased crystallization at lower temperatures (<180 C) and caused the grains of the pillar-like crystalline structure (ZnO matrix) to grow from 18 nm to 23 nm (the diameter of pillar-like grains). Therefore, before and after the electrical current testing of the ZnO/In/ZnO, the tri-layer films were examined with XPS to understand the thermoelectric crystallization and the atom migration behavior at the interface zones.
18)
Electrical current induced interface mechanism
For the as-deposited ZnO/In/ZnO film ( Fig. 3(a) ), only zinc and oxygen ions were detected at the surface in the initial stages. After 40 s of testing, indium ions were detected. Meanwhile the zinc content gradually decreased which indicates that Auger electrons had got into the interface between the upper ZnO layer and an indium interlayer. After that, the indium content increased and an indium interlayer was detected. Then, the indium content began to decrease and the zinc content increased (a bottom ZnO layer was detected). To put it more precisely, the atom distributions were regular and were similar to those in Fig. 1 . The XPS depth profile of the ZnO/In/ZnO tri-layer film after DC 40 V-0.025 A testing is shown in Fig. 3(b) . It clearly shows that the surface of the upper ZnO layer not only contains zinc and oxygen ions, but also possesses some indium ions (the non-electrical current sample had no indium ions). In particular, the diffusion path of the indium ions was about 30 nm long and the concentration of indium ions was about at 1.43 at% on the upper ZnO surface.
Under DC testing of 40 V-0.025 A for 30 min, 19, 20) the surface temperature of the upper ZnO layer was about 140 C (Joule heat). Therefore, both the thermal energy and electromigration caused the diffusion of indium ions from the interlayer to the ZnO matrix. Notably, the electrical resistivity of the as-deposited ZnO/In/ZnO tri-layer film could not be measured. According to DC testing, the electrical resistivity of the ZnO/In/ZnO tri-layer film was about 1:35 Â 10 À2 -cm which indicates that the diffusion of indium ions significantly improved the conductivity of the ZnO film (Fig. 2) . Due to the interlayer (In film) being only 30 nm thick, the induced joule heat ($140 C) was insufficient to crystallize the as-deposited ZnO film. Meanwhile, the electron-migration had occurred in the In interlayer and the diffusion direction of the In ions was both parallel and perpendicular to the electron flow. Notably, the perpendicular path of In ions followed the grain boundaries of the pillarlike crystalline structure. This is why the ZnO matrix was saturated and higher doping concentrations were able to decrease the resistivity.
From the DC data (ZnO/In/ZnO film not annealed), indium migration was the main crystallization mechanism which improved the opto-electronic properties of the thin film. A relevant report 21) showed that metal ions would gradually diffuse under a higher annealing temperature (>450 C) leading to an improvement in film conductivity. In fact, the present tri-layer film with electrical current crystallization only needed relatively little energy to make the metal ions migrate and improve the quality of the film (Fig. 4) . In short, the contribution of the ZnO/In/ZnO thin films to the crystallization mechanism and the electrical properties arose mainly from the indium doping and the stable interlayer using the electrical current method.
Crystallization and Raman characteristics
Figure 5(a) shows Raman spectra of the ZnO/In/ZnO film. No peaks are visible. After testing, the E2 (high) peak of the Raman spectra was observed (Fig. 5(b) ). The experiment showed that the photon energy can enhance the vibration of the film matrix, thereby allowing transference of the photon momentum. According to the literature, 22, 23) Raman spectra of annealed ZnO film contains a 330 peak, a 380 peak, a 580 peak and an E2 (high) peak. Notably, only an E2 (high) peak of the ZnO film was detected after electrical current testing in the present study. It can be fairly certain that the short current testing only led to partial crystallization. When the photons entered the matrix, most of the photon energy was used for recrystallization. The residual photon momentum was insufficient to excite other Raman peaks (330, 380, 580). Meanwhile the intensity of the E2 (high) peak gradually decreased and shifted.
Using the present electrical current method, as-deposited (amorphous) film can transform into semi-crystallized films. According to previous studies, 24, 25) the semi-crystallized films also possess electrical properties and can act as fullycrystallized films. For applications using TCO film with copolymer substrates, the potential of the present electrical current crystallization method seems enormous.
Conclusions
The crystallization and electrical properties of ZnO/In/ ZnO tri-layer film on copolymer substrate were enhanced using an electrical current process. Owing to the thermo- electric effect, the indium ions diffused into both ZnO layers and the thickness of the diffusion layers was about 30 nm. In addition, Joule heat and the migration of the In interlayer were confirmed as having contributed to the optoelectronic properties of the ZnO/In/ZnO tri-layer film. Intensity, I / a.u.
Intensity, I / a.u. 
